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ABSTRACT
We have measured the line-of-sight velocity distribution from integrated stellar light at two points
in the outer halo of M87 (NGC 4486), the second-rank galaxy in the Virgo Cluster. The data were
taken at R = 480′′ (∼ 41.5 kpc) and R = 526′′ (∼ 45.5 kpc) along the SE major axis. The second
moment for a non-parametric estimate of the full velocity distribution is 420 ± 23 km/s and 577 ±
35 km/s respectively. There is intriguing evidence in the velocity profiles for two kinematically distinct
stellar components at the position of our pointing. Under this assumption we employ a two-Gaussian
decomposition and find the primary Gaussian having rest velocities equal to M87 (consistent with zero
rotation) and second moments of 383± 32 km/s and 446± 43 km/s respectively. The asymmetry seen
in the velocity profiles suggests that the stellar halo of M87 is not in a relaxed state and confuses a
clean dynamical interpretation. That said, either measurement (full or two component model) shows
a rising velocity dispersion at large radii, consistent with previous integrated light measurements,
yet significantly higher than globular cluster measurements at comparable radial positions. These
integrated light measurements at large radii, and the stark contrast they make to the measurements
of other kinematic tracers, highlight the rich kinematic complexity of environments like the center of
the Virgo Cluster and the need for caution when interpreting kinematic measurements from various
dynamical tracers.
Subject headings: galaxies: elliptical and lenticular, cD; galaxies: individual (M87, NGC 4486); galax-
ies: kinematics and dynamics, dark matter
1. INTRODUCTION
The assembly of stellar mass in elliptical galaxies has
been the subject of significant investigation in recent
years. With the discovery of a massive and old elliptical
galaxy population at high redshift (e.g., Cimatti et al.
2002, 2004; McCarthy et al. 2004) we have been forced
to revisit the mechanisms of massive galaxy growth.
The puzzle is multifaceted. A central question is how
such massive galaxies can exist in the early universe
when they are generally considered the end-products
of hierarchical assembly (e.g., De Lucia & Blaizot
2007). Moreover, many of the high redshift quiescent
galaxies appear to be particularly compact in com-
parison to local elliptical galaxies (Daddi et al. 2005;
Trujillo et al. 2006; Toft et al. 2007; van Dokkum et al.
2008; Cappellari et al. 2009; Cassata et al. 2010;
Weinzirl et al. 2011), with half-light radii of ∼ 2 kpc
and no evidence for extended stellar halos (e.g.,
Szomoru et al. 2012). Further observations indicate
that the very central regions (e.g., R ≤ 1 kpc) of z ≈ 0
galaxies are not physically denser than the high redshift
population (Hopkins et al. 2009; van Dokkum et al.
2010; Tiret et al. 2011; van de Sande et al. 2013;
Dullo & Graham 2013, although see Poggianti et
al. 2013) suggesting elliptical galaxy growth occurs
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predominantly at large radii (e.g., van Dokkum et al.
2010).
While there remains some debate about the de-
gree of mass evolution in the cores of massive
elliptical galaxies, the growth of mass at large
radii (e.g., R ≥ 5 kpc) is well established ob-
servationally (Buitrago et al. 2008; van der Wel et al.
2008; van Dokkum et al. 2010; Newman et al. 2012;
van de Sande et al. 2013; Patel et al. 2013). High spa-
tial resolution simulations from cosmological initial con-
ditions can recreate this mass growth at large radii, com-
monly through a growth history dominated by minor
mergers (Naab et al. 2007, 2009; Oser et al. 2010, 2012).
However, both the degree of growth and how the mass is
assembled over time remain poorly constrained observa-
tionally. In the case of very massive ellipticals and bright-
est cluster galaxies (BCG), the case is even more con-
founding as the BCGs at high redshift have been found
to closely match the luminosity (e.g., Stott et al. 2010),
mass (Whiley et al. 2008; Collins et al. 2009) and scale
(e.g., Stott et al. 2011) of BCGs in the local universe
in certain work, but show significant growth in others
(Bernardi 2009; Valentinuzzi et al. 2010; Ascaso et al.
2011). If we are to gain a complete understanding of how
BCGs and other massive galaxies assemble their mass, we
will need dynamical observations at large radii where the
growth is expected to occur.
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To this end we have made a measurement of the
velocity dispersion of the integrated starlight in M87,
the second-rank galaxy in the Virgo Cluster, using the
Mitchell Spectrograph (formally VIRUS-P). This work
is driven in part by the results of Doherty et al. (2009)
and Strader et al. (2011, hereafter S11) who find a de-
clining velocity dispersion profile from PNe and GC
data respectively. Contrasting this are the results of
Murphy et al. (2011, hereafter MGA11) who found a
rising velocity dispersion with radius for the stars. As
certain systems have exhibited good agreement between
different tracers of mass (e.g., Coccato et al. 2009) and
others show disagreement (Romanowsky & Kochanek
2001; Churazov et al. 2010; Shen & Gebhardt 2010;
Richtler et al. 2011), we set out to make a measurement
of the stellar velocity dispersion of M87 at a large radial
distance in order to directly compare to the results of
Doherty et al. (2009) and S11. This approach was used
by Weijmans et al. (2009) to good effect on the massive
local ellipticals NGC 3379 and NGC 821.
The traditional estimate of M87’s half-light radius (Re)
from RC3 (de Vaucouleurs et al. 1991) is ∼ 95′′. This
estimate of the Re of M87 puts our measurements at
∼ 5.0 Re and∼ 5.5 Re. However, Kormendy et al. (2009)
measure an Re for M87 that is more than a factor of
7 times larger than the canonical value. A considera-
tion of the deep photometry of Mihos et al. (2005) and
Janowiecki et al. (2010) makes it clear that the definition
of the half-light radius in the centers of clusters, partic-
ularly ones as unrelaxed as Virgo, is perhaps ill-defined.
We therefore elect to not use Re in this work and will
cite physical and/or on-sky scales where appropriate.
To remain consistent with our previous papers on
M87 (Gebhardt & Thomas 2009; Gebhardt et al. 2011;
Murphy et al. 2011) we assume a distance to M87 of
17.9 Mpc. This distance corresponds to a scale of
86.5 pc arcsec−1. All references to other values in the
literature are scaled accordingly.
The paper outline is as follows. In § 2 we describe
the observations and data collection. § 3 outlines the
data reduction steps. Our results are found in § 4 where
we also place our results in context with several veloc-
ity dispersion values from the literature. A discussion of
the implications of these results in the context of both
the assembly of mass in massive galaxies and compar-
isons of the different tracers of mass is found in § 5. We
summarize our results in § 6.
2. OBSERVATIONS AND DATA COLLECTION
2.1. The Mitchell Spectrograph
The George and Cynthia Mitchell Spectrograph (The
Mitchell Spectrograph, formally VIRUS-P Hill et al.
2008) is currently deployed on the Harlan J. Smith 2.7 m
telescope at McDonald Observatory. The Mitchell Spec-
trograph is a gimbal-mounted integral-field unit (IFU)
spectrograph composed of 246 optical fibers each with a
4.2′′ on-sky diameter. The CCD is a 2048 × 2048 back-
illuminated Fairchild 3041 detector. The wavelength
range for these observations is 3550–5850 A˚ at a resolu-
tion of R ≈ 850. This gives a spectral resolution of 4.7 A˚
Fig. 1.— The deep photometry from Mihos et al. (2005) show-
ing the extended stellar halo of M87. The red circular regions have
been masked in order to highlight the faint structure of the diffuse
halo. North is up and West is to the right. The Mitchell Spec-
trograph field is shown as a white box to the SE. Our two fields
are divided roughly along the diagonal of the field-of-view, from
upper-left to lower-right. More details of the two fields can be
found in Figure 4. The surface brightness (V) drops from ∼ 24.8
to ∼ 25.4 over our field (Kormendy et al. 2009). NGC 4486a is
visible just to the lower-right of our field. Prugniel et al. (2011)
report a recession velocity of 757 km/s which is significantly dif-
ferent than the previous value of 150 km/s (Wegner et al. 2003;
Rines & Geller 2008). IC 3443 is seen above and slightly to
the left of our field. IC 3443 exhibits significantly higher scat-
ter in the literature values reported for its recession velocity,
ranging from 1019 km/s (Evstigneeva et al. 2007) to 2272 km/s
(de Vaucouleurs et al. 1991), yet Adelman-McCarthy et al. (2006)
and Rines & Geller (2008) have it at 1784 and 1785 km/s respec-
tively. Note the extended and distorted photometry of M87 along
the major axis to the SE as compared to the NW. This distortion
is more clearly seen in the photometry of Rudick et al. (2010, see
Figure 4), and particularly in Weil et al. (1997, see Figure 1).
(FWHM, 146 km/s) at 4100 A˚ and 4.95 A˚ (117 km/s)
at 5400 A˚. The fibers are laid out in an hexagonal array,
similar to Densepak (Barden & Wade 1988), with a one-
third fill factor and a large (107′′ × 107′′) field-of-view.
A detailed figure of this layout can be found in MGA11
(see Figure 2). See also the small insert in Figure 4.
2.2. Data Collection
The Mitchell Spectrograph data presented here was
collected over five partial nights in May 2010 and two
complete nights in March 2011. From these observing
runs 42 science frames were collected, each 30 minutes
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in duration and bracketed by 10 minute sky nods. The
conditions for 2 of the 7 nights were photometric, with
the conditions for the remaining 5 nights being good. At
this low galaxy surface brightness (∼ 24.8 to ∼ 25.4 in
V across our field, Kormendy et al. 2009), any light cir-
rus strongly affects the quality of the frame. Therefore,
during parts of the night with any noticeable cloud cover
we observed other targets. In total, 38 of the 42 frames
collected were clean enough to include in the final spec-
tra presented here. The median seeing was 2.2′′. This is
well below the 4.2′′ on-sky fiber diameter and therefore
does not influence our results.
The position of our science pointing is shown in Figure
1 overlaid on the deep photometry of Mihos et al. (2005).
North is up and West is to the right. The Mitchell Spec-
trograph field is shown as the white box to the lower-left
of the galaxy. Note the elongated shape and disturbed
photometry to the SE along the major axis. This elon-
gation is also seen clearly in Weil et al. (1997, see Figure
1) and Rudick et al. (2010, see Figure 4).
The Mitchell Spectrograph has no dedicated sky fibers,
so nodding for sky frames is necessary and constitutes
approximately one-third of our observing time. The sky
nods were taken ∼ 1 degree to the NNE of our science
pointing, well away from the diffuse light in the center
of the Virgo Cluster (Mihos et al. 2005; Janowiecki et al.
2010). As sky nods sample the sky at a different time
from the science frames we must be careful to under-
stand how much this influences our final kinematics. We
return to an analysis of possible systematics due to our
sky subtraction in § 3.4.2.
3. DATA REDUCTION
The primary data reduction steps are completed with
Vaccine, an in-house data reduction pipeline developed
by Joshua J. Adams for the handling of Mitchell Spec-
trograph IFU data. We refer the interested reader to
Adams et al. (2011) where further details of Vaccine are
given. In MGA11 we give the complete details of our
data reduction methods, and provide a brief outline of
the steps here.
3.1. Vaccine
To begin, the bias frames for the entire observing run
are combined, and all of the science, sky and calibra-
tion frames are overscan and bias subtracted. Neigh-
boring sky nods for each science frame are appropriately
scaled and combined (see § 3.2 for further details on this
step). These built-up sky nods are then taken through
the rest of the reductions in the same manner as the sci-
ence frames. The arcs and twilight flats for a single night
are then combined. Curvature along both the spatial and
spectral direction of the CCD is accounted for by con-
sidering each fiber individually during the reduction pro-
cess. To account for curvature in the spatial direction, a
4th order polynomial is fit to the peaks of each of the 246
fibers of the twilight flat frames taken each night. The
246 polynomial fits are then used on each science and
sky frame to extract the spectra, fiber by fiber, within
a 5 pixel-wide aperture. The pixel values are extracted
directly, without interpolation of any kind. This allows
us to avoid correlation in the noise and track the exact
noise in each pixel throughout the Vaccine reductions.
To address curvature in the spectral direction, a wave-
length solution is determined for each fiber and each
night. To accomplish this, a 4th order polynomial is fit
to the centers of known mercury and cadmium arc lamp
lines, fiber by fiber, from the calibration frames. This
polynomial fit then becomes the unique wavelength so-
lution for a given fiber on a given night.
Next, the twilight flats are “normalized” to remove the
solar spectrum following a procedure similar to the sky
modeling method in Kelson (2003). Further details of
this method are given in Adams et al. (2011). In brief,
this process creates a model of the twilight sky free of
flat-field effects. This sky model is then divided out of
the original flat to remove the solar spectrum while pre-
serving the flat-field effects we want to capture (namely,
pixel-to-pixel variation, fiber-to-fiber throughput, and
fiber cross-dispersion profile shape). These normalized
flats are then used to flatten the science and sky data.
Once the built-up sky frames are flattened, a sky model
is made in the same manner as the flat-field. This model
of the sky is then subtracted from the science frames.
As accurate sky subtraction is critical to this work, we
give more complete details of how the sky subtraction is
handled in § 3.2. Finally, cosmic rays are located and
masked from each 30 minute science frame.
The low galaxy surface brightness over our pointing
(∼ 24.8 to ∼ 25.4 mag arcsec−1 in V; Kormendy et al.
2009) requires us to co-add many fibers to reach the
requisite signal-to-noise (S/N). To accomplish this, we
identify all fibers that do not fall on foreground or back-
ground objects. After rejecting fibers that show evidence
for extra light we are left with 223 of the original 246
fibers. These fibers are then divided into two spatial
bins by their radial position from the center of M87. The
first radial bin (R1) contains 99 fibers and has a corre-
sponding S/N of 28.9. The second bin (R2) contains 114
and a S/N of 25.2. The radial range for the R1 pointing
spans 437.2′′ to 506.4′′ with a luminosity-weighted center
of ∼ 480′′. For the R2 pointing the radial range covers
506.8′′ to 562.2′′ with a luminosity-weighted center of
∼ 526′′. Further details of the fiber selection are given in
§ 3.4.3. All the individual spectra are interpolated onto
a common wavelength scale before being combined via
the biweight (Beers et al. 1990).
3.2. Sky Subtraction
Working ∼ 3 magnitudes below the night sky involves
a close accounting of how sky subtraction is handled.
The sky nods necessarily sample the sky at a different
point in time, and cost observing time to collect, yet
are necessary at this faint surface brightness and with a
galaxy this large on sky. A complete description of our
method of sky subtraction is given in the appendix of
MGA11. Here we provide an overview of our method of
sky subtraction, and some specifics unique to these data.
To summarize our sky subtraction procedure, each 10
minute sky nod gets scaled by a factor of 1.5, then coad-
ded to the scaled sky nod that brackets the science frame.
This scaling and coadd of the sky nods leads to an equiv-
alent exposure time to the science frames. A range of sky
nod scaling, varying in ±2% increments, are explored in
order to both quantify how slight over and under sub-
traction of the sky affects our final values, and to ac-
count for possible changes in transparency over the 30
4 Murphy, Gebhardt & Cradit
minute science exposure. All of the scaled and coadded
sky nods are then taken through the Vaccine reductions
as described in § 3.1. A model of the night sky in each
fiber is made via a modification of the sky-subtraction
routine of Kelson (2003). This model is subtracted di-
rectly from the science frame. The range of sky frame
scalings leads to a range of sky-subtracted science frames.
The determination of the best subtraction is made by a
visual inspection of both night sky lines and absorption
features in each science frame. As any slight deteriora-
tion in conditions led us to turn to brighter targets, in
nearly all cases a scaling of 1.5 to each sky nod returned
the best sky subtraction. The various scalings that are
not considered optimal are still carried through the com-
plete set of reductions and used to quantify uncertainties
as discussed in § 3.4.2.
3.3. Extracting the Stellar Kinematics
The final line-of-sight velocity distribution (LOSVD) is
effectively a histogram showing the distribution of stellar
velocities along our line-of-sight. In order to determine
the LOSVD profile from our spectra we apply the max-
imum penalized likelihood (MPL) method described in
Gebhardt et al. (2000) and Pinkney et al. (2003). The
MPL technique is based upon the methods detailed in
Saha & Williams (1994) and Merritt (1997), yet differs
from their work in that we fit for the velocity bins and
template weights simultaneously. This procedure was
shown in Pinkney et al. (2003) to give similar results
to the Fourier correlation quotient technique of Bender
(1990). We will use the terms “LOSVD” and “velocity
profile” interchangeably.
To determine the best LOSVD the following steps are
taken: 1) An initial guess at a velocity distribution profile
is made. The profile is divided into 29 velocity bins.
The total area (e.g., height) given to each velocity bin
is allowed to vary, yet the total of all bins must sum to
unity. 2) A set of 16 stellar templates are used (see Table
1). The weight given to each template star is allowed
to vary between 0.0 and 1.0. The total weight of all
template stars must sum to unity. 3) The composite
template star is convolved with the LOSVD and fit to the
spectrum. 4) The heights of each velocity bin, and the
weights given to each template star, are allowed to vary
simultaneously until the residuals between the convolved,
composite template spectrum and the observed spectrum
are minimized. Smoothness is imposed on the LOSVD
by the addition of a penalty function to the final χ2 of
the fit (Merritt 1997).
In Figure 2 we plot the results of this process. The
two spectra shown (black lines) are for the R1 (top) and
R2 (bottom) fields of our Mitchell Spectrograph point-
ing. The red line is the best-fit composite template star,
convolved with the LOSVD. The vertical gray regions in
the figure denote spectral regions withheld from the kine-
matic extraction due to issues with poor subtraction of
night sky lines. The best-fit LOSVD, with uncertainties
based on Monte Carlo simulations (see § 3.4), is shown
to the right of each spectrum. The most notable feature
in both of these velocity profiles is the strong asymmetry
to positive velocities. The robustness of the asymmetry
seen in both fields, and how we have elected to fit to the
asymmetry, is explored in § 3.3.2 and § 3.3.3.
TABLE 1
Indo-US and Miles Template Stars
ID Type V [Fe/H]
HD 27295 B9IV 5.49 -0.74
HD 198001 A1V 3.77 0.07
HD 2628 A7III 5.22 0.00
HD 89254 F2III 5.25 0.25
HD 9826 F8V 4.10 0.11
HD 136064 F9IV 5.10 -0.04
HD 33256 F2V 5.13 -0.33
HD 34411 G0V 4.70 0.06
HD 201889 G1V 8.04 -0.95
HD 3546 G5III 4.37 -0.66
HD 74462 G5IV 8.69 -1.41
HD 6203 K0III 5.41 -0.29
HD 9408 K0III 4.69 -0.30
HD 10780 K0V 5.63 0.10
HD 6497 K2III 6.42 0.01
HD 200527 M31bII 6.27 0.70
Note. — The template stars used in the determination of the
best-fit LOSVD (Figure 2). These 16 stars were selected itera-
tively from an initial list of 40 Indo-US template stars based on
whether the star received any weight in the fitting process. The
same set of stars were taken from both the Indo-US and Miles
stellar library and the final kinematics (i.e. the first 4 Gauss-
Hermite moments) were compared and agreed within their un-
certainties. A ≤ 7 km/s offset in velocity was seen between the
two libraries, but no other significant systematics were seen.
3.3.1. Stellar Template Library
The stars used in the kinematic extraction were taken
from the Indo-US spectral library (Valdes et al. 2004).
Initially a set of 40 template stars were explored and it-
eratively rejected down to the final list presented in Table
1 based on whether the star received any weight in the
extraction process. The final set of 16 template stars are
not the same as those used in MGA11. This choice was
made to cover a broader range in stellar type and metal-
licity. We have checked the extraction against the set
of template stars used in MGA11 and see no significant
differences in the resulting kinematics. In both MGA11
and Murphy et al. (in preparation) we explore systemat-
ics in the choice of the template library by comparing the
first 4 moments of our extracted LOSVD when using the
same set of template stars, yet taken from the MILES
stellar library (Sa´nchez-Bla´zquez et al. 2006). A small
(≤ 7 km/s) difference in velocity is the only systematic
offset seen between the two template libraries. We elect
to use the Indo-US library for all the work shown here.
At our radial position on M87 the surface brightness
ranges between ∼ 24.8 and ∼ 25.4 in V (Kormendy et al.
2009) which is a factor of ≥ 20 below the night sky.
Therefore, the S/N of the resulting spectra is not high
enough to break the Mitchell Spectrograph’s 3550 –
5850 A˚ wavelength range into multiple regions for kine-
matic extraction as done in MGA11. After much iter-
ation, we have elected to fit the spectra between 4100–
5400 A˚, rejecting the Ca H&K region and redward of the
Mgb spectral feature.
3.3.2. Testing the Velocity Profile Asymmetry
The strong asymmetry in the extracted LOSVDs is a
striking feature that was not seen in any of the velocity
profiles at smaller radii in MGA11. We have tested the
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Fig. 2.— The spectra (black line) for the R ∼ 480′′ (top: R1) and R ∼ 526′′ (bottom: R2) fields on M87. The red line plots the best-fit
set of template stars convolved with a line-of-sight velocity distribution profile (LOSVD), shown to the right of each spectrum. The regions
marked by vertical gray bands have been suppressed from the template fitting due to issues with the subtraction of night sky lines. The
resulting LOSVDs are shown with uncertainties as determined by 100 Monte Carlo realizations of the kinematic extraction, described in
§ 3.4.1.
robustness of this asymmetry in a variety of ways which
we discuss in turn here.
The first natural test is to explore a range of the
smoothing parameter discussed in § 3.3 and detailed in
Merritt (1997). Generically, the smoothing parameter is
a penalty placed on the distribution of velocities that de-
viates from the true distribution. Without prior knowl-
edge of the shape of the true distribution oftentimes pe-
nalized methods return unphysical distributions. Specif-
ically, we encorporate the penalized likelihood method
of Merritt (1997) which assumes a Gaussian distribution
as a prior. Therefore, as the penalty (i.e. smoothing) is
turned up, the velocity distribution is driven to a Gaus-
sian. This approach is preferred for noisy data as reduced
S/N is commonly best handled by parameterizing the ve-
locity distribution in some fashion.
Increasing the smoothing will naturally reduce the sig-
nificance of the asymmetry as power in the individual
velocity bins gets averaged over a wider range and driven
towards a pure Gaussian. In MGA11 the smoothing was
set by comparing the smoothing value with the second
moment of the velocity profile. The goal is to apply the
lowest level of smoothing the S/N of the spectra will al-
low. In high S/N spectra the smoothing parameter can
take on a fairly wide range without altering the velocity
profile significantly. As the S/N of the spectra decreases,
the range of acceptable smoothing parameters typically
narrows.
To explore how the smoothing influences the second
moments in the R1 and R2 fields we have run a set of ex-
tractions with a range of smoothing values. At low levels
of smoothing (0.001) the resulting velocity profile is nois-
ier, yet quantitatively very similar to the profiles created
with larger smoothing parameters. At smoothing values
≥ 1, the asymmetry begins to blend with the rest of the
velocity profile, driving the second moment steadily up-
ward. Yet for smoothing values over the range of 0.001 to
0.5 the second moment deviates slightly (σR1 = 2.8 km/s
and σR2 = 27.4 km/s) and non-systematically.
A second simple test of the LOSVD asymmetry is to
combine the spectra from the R1 and R2 fields. Com-
bining the data boosts the S/N and so should help to
determine whether the asymmetry is a product of noisy
spectra. While the S/N does not increase substantially
when the R1 and R2 spectra are combined, the asymme-
try clearly remains.
As the data were taken over two observing runs sepa-
rated by nearly a year, we can test the asymmetry in a
third way. We do this by splitting the data between the
May 2010 and March 2011 observing runs. If the asym-
metry stems from a systematic calibration error in one of
the two observing runs (e.g., an error in the wavelength
solution) it would likely show up in this test. The asym-
metry remains clearly present in both the May 2010 and
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March 2011 velocity profiles.
A fourth test of the LOSVD asymmetry comes from
limiting the choice of template stars used in the kine-
matic extraction. For the fits shown in Figure 2 the en-
tire list of 16 template stars from Table 1 were used. To
explore whether the asymmetry is driven by the choice
of template stars we ran the LOSVD extraction routine
with a single template star (HD92588). Although tem-
plate mismatch leads to a noisier LOSVD, the asymme-
try remained clearly present.
A final test was conducted, with the assistance of
Genevieve Graves, in order to rule out both the fit-
ting procedure and template library as the source of the
asymmetry. We ran the R1 and R2 spectra through
pPXF (Cappellari & Emsellem 2004) and used single
burst stellar population models from Vazdekis et al.
(2010), based on the empirical MILES stellar library
(Sa´nchez-Bla´zquez et al. 2006). The templates cover a
range of ages (63 Myr to 17.8 Gyr) and metallicity
(−1.3 < [Z/H] < 0.22). The bias parameter in pPXF was
left on, which penalizes fits with a non-zero h3 and h4, in
an attempt to minimize the asymmetry. A comparison of
the first four moments (v, σ, h3 and h4) of this kinematic
extraction strongly support the asymmetry, with R1 field
values of v = −30.0 km/s, σ = 593.7 km/s, h3 = 0.235
and h4 = 0.199 and R2 values of v = −53.4 km/s,
σ = 662.8 km/s, h3 = 0.243 and h4 = 0.293.
Lastly, and perhaps most significantly, the velocity pro-
files of the ultra compact dwarfs (UCD), bright GCs
(i0 < 20) and blue GCs from Strader et al. (2011, see
Figure 23 in that work) at the same radial position show
a very similar asymmetry to positive velocity. In § 5 we
will argue, albeit tentatively, that both the evidence for
the continued assembly of M87, and the velocity profile
asymmetry seen in S11, supports the presence of a cooler
and strongly offset stellar component. We will return to
a comparison of the S11 results and this work in § 5.2.
3.3.3. Fitting the LOSVD
In §3.3.2 we explored and ruled out a number of pos-
sible systematic effects that might give rise to the asym-
metry to positive velocities seen in both the R1 and R2
LOSVDs. However, as the data are fairly noisy, we can
not claim to have ruled out all possible systematics that
could lead to the asymmetry. For this reason we ex-
plore various methods for fitting the velocity profiles and
extracting the kinematics which explore the upper and
lower limits of the stellar velocity dispersion.
The most direct way to measure the stellar velocity
dispersion of M87 is to take the non-parametric second
moment of the LOSVD. This measurement returns val-
ues of 420± 23 km/s and 577± 35 km/s for the R1 and
R2 fields. This steep rise in the second moment occurs
over ∼ 4.3 kpc and, while quite striking, is not unprece-
dented as Ventimiglia et al. (2010) see a similar rise in
NGC 3311, the BCG in Abell 1060. As a non-parametric
measure of the velocity profile is what matters for a dy-
namical analysis, we quote this as our best measure of
the M87 stellar temperature. However, the shape of the
velocity profiles suggests that some parameterization of
the LOSVDs may provide useful insight. We have done
this and show our results in Figure 3 for a single Gaus-
sian, Gauss-Hermite, and two-Gaussian fit. We discuss
each in turn here.
To explore a single Gaussian fit, we have taken two
approaches. The first is to fit a single Gaussian to the
velocity profiles and measure the second moment (see the
upper two panels in Figure 3). The measured velocity
dispersion for the R1 and R2 fields is 458± 87 km/s and
631 ± 98 km/s respectively. The second approach is to
force a Gaussian LOSVD during the initial kinematic ex-
traction. This approach returned very similar results to
fitting a Gaussian to the LOSVD after a non-parametric
extraction. As neither of these methods accurately cap-
tures the velocity profile asymmetry, we will not discuss
the single Gaussian fit further.
The second approach is to fit the velocity
profiles with a single Gauss-Hermite polyno-
mial (van der Marel & Franx 1993; Gerhard 1993;
Binney & Merrifield 1998). This sum of orthogonal
functions modifies the pure Gaussian profile to better
capture profile asymmetries. Gauss-Hermite poly-
nomials are widely used in quantifying the skewness
and kurtosis (the h3 and h4 moments) of stellar pop-
ulations (e.g., Gerhard 1993; Emsellem et al. 2004)
and was shown by van der Marel & Franx (1993) to
return very minimal correlations in errors between the
parameters. The second row of Figure 3 plots the
Gauss-Hermite fits to the R1 and R2 velocity profiles.
The values of v, σ, h3 and h4 for the R1 field are
v = 65± 13 km/s, σ = 456± 37 km/s, h3 = 0.16± 0.03
and h4 = 0.06 ± 0.02. For the R2 field these values are
v = 111± 23 km/s, σ = 604± 45 km/s, h3 = 0.15± 0.05
and h4 = 0.005 ± 0.003 respectively. Notice that the
values of σ for the Gauss-Hermite extraction are similar
to the single Gaussian fit.
The third approach we take is to fit the R1 and R2 ve-
locity profiles with two Gaussians. Admittedly the choice
to fit the LOSVD with two Gaussians (as opposed to 3,
etc.) is arbitrary; by parameterizing the velocity profiles
in this way we are assuming, a priori, the existence of two
kinematically distinct and Gaussian distributed popula-
tions of stars. Our decision is based, in part, on trying to
minimize the number of free parameters in the fits while
still capturing the details of the velocity profile shape.
The general quality of the fit (lower 2 panels in Figure
3) qualitatively supports the presence of no more than
two Gaussians. Although the two-Gaussian fit is ad hoc,
it both yields very low fit residuals and affords a lower
limit to the stellar temperature of M87. These lower
limits are robust whether the asymmetry stems from a
second kinematic component or simply from noise.
3.4. Uncertainties in the Kinematics
In § 3.3.2 we discuss various tests to explore whether
the asymmetry in the LOSVD is a robust result. These
tests explore potential systematics in data calibration
and aspects of the kinematic extraction process. In this
section we turn to potential sources of uncertainty in the
data reduction before extracting the kinematics. We de-
scribe each in turn here, starting with the calculation of
the formal uncertainties on the LOSVDs themselves.
3.4.1. Monte Carlo Uncertainties
The uncertainties in our LOSVDs (shown in Figures 2
and 3) come from 100 Monte Carlo realizations of the
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Fig. 3.— The results for the single Gaussian (top, blue), Gauss-Hermite (middle, green) and two-Gaussian (bottom, red) parameterization
of the R1 (left) and R2 (right) velocity profiles. The measured stellar velocity dispersion is written in each panel. The values for the Gauss-
Hermite fits (v, σ, h3 and h4) can be found in the text. For the two-Gaussian fit, the dashed (red) lines plot the individual Gaussians, and
the solid (red) line plots the sum of the two Gaussian components. Table 2 provides the percentage of the total area for each component,
the component’s center and second moment for the two-Gaussian fits.
TABLE 2
Two-Gaussian Velocity Profile Fits
Gaussian 1 Gaussian 2
Pointing Area (%) Center (km/s) Sigma (km/s) Area (%) Center (km/s) Sigma (km/s)
R1 85.6 15± 14 383± 32 14.4 991± 35 215 ± 34
R2 74.3 −52± 54 446± 43 25.7 979± 128 401 ± 87
Note. — Parameters for the best two-Gaussian fit to the R1 and R2 velocity profile as shown in
Figure 3. The two “Area” columns denote the percent of the normalized total area for each Gaussian
component.
kinematic extraction process, described in §3.3. This
procedure begins with the best-fit set of template stars
(i.e. the red template fit in Figure 2). At each wave-
length, and for each Monte Carlo realization, a flux value
is drawn at random from a Gaussian distribution of the
noise at that wavelength. The mean of the sampled
Gaussian distribution is the flux from the best-fit con-
volved and weighted template spectrum and the stan-
dard deviation is set to the mean of the noise. The
noise estimate comes from Vaccine, which propagates the
noise through the entire reduction, pixel by pixel. A new
LOSVD is determined for all 100 realizations and the
standard deviation of the 100 values within each of the
29 velocity bins forms the final uncertainty of our best-fit
LOSVD.
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3.4.2. Sky Subtraction Uncertainties
Sky subtraction is the limiting factor when working
at this low surface brightness. This is particularly true
when the sky is sampled at a different time then when the
data are taken, as is the case here. We have already ex-
plored the influence of sky subtraction on both the kine-
matic extraction (Murphy et al. 2011, see also Murphy
et al. in preparation) and on Lick index line strengths
(Greene et al. 2012, 2013). The methods laid out in those
papers were carried out in this work. Namely, a range
of scalings were applied to the neighboring sky nods be-
fore combining and carried through all subsequent data
reduction steps as described in § 3.2. This approach pro-
vides us with a very heuristic, brute-force method of de-
termining the influence of various sky nod scalings on
both the final S/N and extracted kinematics. In both
MGA11 and Greene et al. (2012) we find that for the
majority of cases, scaling the sky nods by half of the
science exposure time, then coadding, produces the best
results. This proves true for the data presented here,
with 35 of the 38 science frames returning the best re-
sults with equal scaling to the sky nods. This stems in
large part from the very good observing conditions the
data were taken in. From a visual inspection of Figure 2,
the lack of any clearly over or under subtracted night sky
lines gives qualitative assurance that our sky subtraction
is not a systematic problem. Also, the large number of
frames we combine has a mitigating affect, as slight over-
subtraction and under-subtraction tend to cancel out in
the final spectrum.
3.4.3. Selection of Fibers: Splitting the Kinematics
Figure 4 plots the median fiber flux as a function of
radius from the center of M87 and is used to reject
fibers showing evidence for excess flux above the light
profile of the galaxy. The small “+” symbols indicate
the flux in each fiber for all 38 exposures. The heavier,
filled symbols denote the median of these 38 values. The
large (blue) circles indicate all fibers combined in the R1
field. The large (green) squares show those fibers in the
R2 field, with smaller (red) circles denoting those fibers
withheld from the stacks, based on a visual inspection.
The small inset to the upper-right shows the on-sky lo-
cations of the R1, R2, and rejected fibers. We explored
combining all the fibers, including those showing slightly
elevated flux. As the combination of the fiber data is
made using the biweight (Beers et al. 1990), which tends
to reject outliers, the fibers showing elevated flux did not
alter the final spectrum in a significant way.
Before settling on the choice of fibers in the R1 and R2
fields, we explored a wide range of other fiber combina-
tions. As discussed in § 3.3.2 we explored combining all
the fibers as well as splitting the data between the May
2010 and March 2011 observing runs. These led to quan-
titatively similar results. The decision to split the field
into the R1 and R2 fields was made to test whether the
stark rise in velocity dispersion we measure could be seen
to increase across our field. The split was made based on
a radial cut of 437′′ ≤ R1 ≤ 506′′ < R2 ≤ 562′′. The
location of this division was made to keep the S/N in the
R1 and R2 bins comparable. The resulting S/N is 28.9 for
the R1 field and 25.2 for the R2 field. As each spectrum
is a combination of ∼ 20, 000 pixels at each wavelength,
the direct calculation of the noise, based on the pixel-to-
pixel noise coming from the Vaccine data reductions is
prone to very slight systematics. Therefore, these S/N
values are taken from the RMS values of the mismatch
between our template stars and the galaxy spectrum fit
as described in §3.3.
3.4.4. The Systematic Offset in Mgb
In MGA11 (see Figures 5 and 6) we found that our
stellar velocity dispersion measured for the Mgb region
(4930–5545 A˚) were systematically lower than the other
4 spectral regions used to extract kinematics. The sys-
tematic offset was ∼ 20 km/s and is in good agreement
with the SAURON data which employs a similar wave-
length range (4810–5400 A˚). For these data, due to S/N
limitations, we have not split our spectral range into dis-
crete wavelength bins as was done in MGA11. Therefore,
the Mgb region plays a non-negligible role in constrain-
ing our extracted LOSVD and subsequent measure of the
stellar velocity dispersion. However, we note that if such
a systematic is in these data, it drives our reported stel-
lar velocity dispersion measurements to lower values, not
higher. Moreover, such an offset still falls within our un-
certainty and is mitigated by the other spectral features
that fall within our 4100–5400 A˚ range.
4. RESULTS
In Figure 5 we plot the velocity dispersion from sev-
eral sources along with our new stellar velocity dis-
persion measurements. In the central region (0.2′′ to
2′′) the green diamonds plot data from Gebhardt et al.
(2011) taken with the Near-infrared Integral Field Spec-
trograph (NIFS) on the Gemini telescope. The red di-
amonds plot the publicly available data from SAURON
(Emsellem et al. 2004) and cover 1.2′′ to 17′′, the same
radial range used in MGA11. The blue diamonds plot
the Mitchell Spectrograph data from MGA11 and cover
∼ 10′′ to ∼ 240′′. The uncertainties for these three sets
of data points have been suppressed for visual clarity,
with the average uncertainty shown directly above each
data set.
The rise in stellar velocity dispersion begins just be-
yond 100′′ and follows the trend seen in the GC data
from Hanes et al. (2001), plotted as red circles with un-
certainties. These GC velocity dispersion values are dif-
ferent than those in Coˆte´ et al. (2001, see their Table 1)
who used the Hanes et al. GC velocities for their own
dynamical analysis; in MGA11 we elected to rebin the
individual GC velocity values from Hanes et al. to bet-
ter align with our modeling spatial bins. Although the
values plotted here are different than those in Coˆte´ et al.
they are similar as the steeply rising trend with radius is
the same.
The GC velocity dispersion data from S11 are plotted
as yellow circles and agree with the stellar kinematics
of MGA11 between ∼ 100′′ and ∼ 250′′. However, at
R ≥ 250′′ the GC kinematics of S11 begin to strongly
diverge from both the GCs of Hanes et al. (2001) and
our new stellar measurements. We also plot the bright
GCs (green circles) and UCDs (orange squares) from S11.
The black crossess at large radii plot the Arnaboldi et al.
(2004) and Doherty et al. (2009) PNe velocity disper-
sion values. The two different values at R = 822′′ are
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Fig. 4.— The median fiber flux as a function of radius. The smaller colored “+” symbols show the flux values for each individual fiber
for each of the 38 science exposures. The heavier filled symbols denote the median of each set of 38 flux values. The large, filled circles
(blue) denote the fibers used for the R1 field while the filled squares (green) show fibers combined to form the R2 field. The smaller filled
circles (red) plot fibers that show excess flux above the light profile of the galaxy, based on a visual inspection. These fibers were withheld
from either bin. The inset to the upper-right shows the on-sky positions of the R1 and R2 fields, and rejected fibers.
PNe from Arnaboldi et al. (2004), with the lower value
coming from a reevaluation of the data as presented in
Doherty et al. (2009). In this work, 3 of the 12 PNe are
classified as potential intracluster PNe and withheld from
the dispersion measurement. Doherty et al. conducted a
χ2 analysis of the 2 data sets but could not distinguish
between the two. In either case, these velocity disper-
sion values are well below all the data plotted in Figure
5. Lastly, plotted in the upper-right as a gray square is
the velocity dispersion of a set of galaxies in Virgo, taken
from the recession velocities of Rines & Geller (2008).
We have calculated both the radial distance to M87 and
velocity dispersion from these data, with the uncertainty
in radius showing the full radial range of Virgo galaxies
used in calculating the velocity dispersion. Rising to a
velocity dispersion of nearly 800 km/s, the Virgo Cluster
DM halo is certainly the dominant mass component by
200 kpc. The sharp contrast this value makes with the
data point from Doherty et al. (2009) at a similar radial
extent is intriguing and could indicate the presence of
multiple dark matter sub-halos.
The data points we have added are plotted as the
large, light-blue diamonds and are the non-parametric
measurements of the second moment for the R1 and R2
fields. We also include the dispersion values taken from
the primary Gaussian of the two-Gaussian fit (smaller,
light-blue triangles), as explained in § 3.3.3, and are con-
sidered lower limits. Of particular note is the good agree-
ment at the R ≈ 8′ position between the bright GCs,
UCDs and our new stellar measurements. We discuss
both the asymmetry of the velocity profile, the disagree-
ment with both the GC and PNe values, and the rising
velocity dispersion profile of M87 in § 5.
5. DISCUSSION
The asymmetry of the stellar velocity profiles indicates
complex stellar dynamics at the position of our pointing.
In an analysis of the stellar dynamics we are confronted
with two coupled issues. First is the issue of an accu-
rate measurement of the second moment of the stellar
component of M87. This measure is complicated by the
strong asymmetry in the LOSVD. We have given the
non-parametric measurement of the second moment as
the most direct interpretation of the velocity profile. The
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Fig. 5.— Velocity dispersion vs. radius for integrated stellar light, globular cluster, UCDs and planetary nebulae data for M87. Each
kinematic component is denoted as a different symbol as per the figure legend. The green diamonds plot the stellar velocity dispersion
measurements from the NIFS data of Gebhardt et al. (2011) and span 0.2′′ to 2′′. The red diamonds plot the publicly available SAURON
data (Emsellem et al. 2004) over the spatial range used in MGA11 (1.2′′ to 17′′). The Mitchell Spectrograph stellar velocity dispersion
values from MGA11 are shown as blue diamonds and extend from 8′′ to ∼ 240′′. The individual uncertainties on these data points have
been suppressed for visual clarity. However, we plot typical uncertainties directly above each set of data points. The red circles plot the
GC kinematic data from Hanes et al. (2001). These data extend from 88′′ to 475′′ and are slightly different than the Coˆte´ et al. (2001, see
their Table 1) velocity dispersion values from the same data; in MGA11 we rebinned the Hanes et al. (2001) individual GC velocities to
better match our dynamical modeling spatial bins. The yellow circles plot the GC data from S11 which range between ∼ 110′′ to ∼ 1580′′
and show a clearly different trend in velocity dispersion from the Hanes et al. (2001) data, beginning at ∼ 200′′. The bright GCs from S11
are shown as green circles and their UCDs are plotted as orange squares. The black crosses plot the PNe data from Doherty et al. (2009),
as described in the text. The Virgo Cluster galaxy velocity dispersion, calculated by us from the individual galaxy data of Rines & Geller
(2008), is plotted as a gray square in the far upper-right. Our new stellar non-parametric measurements of the full velocity profiles
(right-hand column in Figure 2) are denoted as large, blue diamonds at 480′′ and 526′′. The uncertainties for the new stellar data points
come from Monte Carlo simulations as described in § 3.4. We also plot the velocity dispersions taken from the primary Gaussian of the
two-Gaussian extraction (smaller, light-blue triangles) and consider these lower limits. The trend of an increasing velocity dispersion for
the Mitchell Spectrograph stellar kinematics is clear, beginning at ∼ 100′′ and continuing to the limits of our spatial coverage.
parametric, Gauss-Hermite measure of the velocity pro-
file also returns very high values for the second moment.
This brings us to the second issue. That is, the intrigu-
ing possibility that the strong asymmetry in the velocity
profile stems from a cooler, second component of stars
superimposed along the line-of-sight and offset to a pos-
itive velocity of ∼ 1000 km/s from the rest velocity of
M87. The evidence for a second component is explored
in § 5.1 and § 5.2. For now we simply note that if there is
a second component, fitting our velocity profiles with two
Gaussians yields a more representative measure of M87’s
stellar halo temperature. Yet even this most conservative
measure of the stellar velocity dispersion (383± 32 km/s
and 446± 43 km/s) is still well above both the gradually
declining GC velocity dispersion values of S11, and the
PNe measurements of Doherty et al. (2009).
What can we make of these conflicting results between
the stars, GCs and PNe kinematics? The discrepan-
cies between our stellar velocity dispersion values and
both the GC kinematics from S11 and PNe measure-
ments from Doherty et al. are intriguing, but not en-
tirely surprising; there is extensive evidence indicating
that the center of the Virgo Cluster is still in active for-
mation (Tully & Shaya 1984; Binggeli et al. 1987, 1993;
Weil et al. 1997; Mihos et al. 2005; Doherty et al. 2009;
Rudick et al. 2010; Kraft et al. 2011; Romanowsky et al.
2012). In considering our results in this light, we believe
our pointing falls on a dynamically hot and complex re-
gion of M87 and thus reduces the tension between these
potentially disparate data sets. We outline some of the
relevant work done on the dynamics of the center of M87
in § 5.1 and explore the tension between these and previ-
ous results in § 5.2. Then in §5.3 we explore the evidence
for a rising velocity dispersion and massive dark matter
halo. We then compare the connection between M87 and
several BCGs that exhibit a similar rising velocity dis-
persion profile.
5.1. A System in Formation
In the deep photometry of Mihos et al. (2005) there
is evidence of elongated and disturbed isophotes to-
wards the SE major axis. Moreover, superimposed
on the galaxy light of M87 is extensive intracluster
light (ICL) (Mihos et al. 2005; Janowiecki et al. 2010;
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Rudick et al. 2010), formed from stripped stars bound
to the Virgo Cluster rather than a specific galaxy. The
ICL has been studied extensively over the past decade
(for a nice overview, see Arnaboldi & Gerhard 2010) and
is predicted to be ubiquitous in galaxy clusters (e.g.,
Willman et al. 2004). In Weil et al. (1997) they find a
stellar stream extending to nearly 100 kpc along the SE
major axis, directly across our field (see Figure 1 in that
work) and speculate this stellar debris comes from the
recent accretion of a spheroidal galaxy. With a short dy-
namical time for the extended material (t ≤ 5×108 years)
the authors argue we have either caught M87 during a
special time during its formation, or that these events
are common in the buildup of the outer halos of massive
ellipticals. As recent theoretical work on the mass assem-
bly of ellipticals points to minor mergers as a primary
mode of mass assembly (Naab et al. 2009; Oser et al.
2010; Johansson et al. 2012), and that the bulk of the
ICL is built by the stripping of stars during the forma-
tion of the BCG (e.g., Murante et al. 2007) it appears
likely these events are common.
Further evidence of the continued assembly of
M87 comes from the GC kinematical analysis of
Romanowsky et al. (2012) where the phase-space sub-
structure of the M87 GC population reveals the exis-
tence of at least 2 components. In their work (see their
Figure 1) a shell-like structure is discovered. Their for-
mation simulations seem to indicate the accretion of a
∼ 0.5 L∗ elliptical progenitor with an observable lifetime
of ∼ 1 Gyr. As the authors point out, there is difficulty
in reconciling the large number of GCs in the shell com-
ponent with the relatively cold velocity dispersion they
measure. One plausible scenario they suggest is that the
accretion of an ∼ L∗ galaxy (i.e. a ∼ 1 : 10 merger)
combined with the stripping of GCs from several satel-
lite compact dwarf galaxies could lead to both a large
number and simultaneously cool GC component.
Extensive work on the dynamics of the Virgo Cluster
as a whole,1 particularly the pioneering work of Binggeli
and collaborators (Binggeli et al. 1985, 1987, 1993), has
shown clear evidence that the Virgo Cluster is young
and unrelaxed. The Virgo cluster is not unique in this
regard and signs of continued assembly can be seen in
other galaxy clusters such as the Coma Cluster (e.g.,
Gerhard et al. 2007). Intriguingly, the distribution of
Virgo galaxy velocities shows a pronounced asymmetry
to positive velocities, with a peak offset by ∼ 1000 km/s
from the Virgo recession velocity (Binggeli et al. 1993;
Fouque´ et al. 2001; Mei et al. 2007). Although a much
more comprehensive dynamical analysis is needed to say
anything definitive, the idea that one of these galaxies
was stripped during a close passage to M87, depositing
a relatively cool stellar component at a velocity offset of
∼ 1000 km/s, is one possible source of the velocity profile
asymmetry we see.
5.2. Conflicting Results?
Neither the GC measurements of S11, nor the
PNe measurements of Arnaboldi et al. (1994) and
Doherty et al. (2009), are in line with our stellar velocity
dispersion measurements. Moreover, the GC measure-
1 See the introduction in Fouque´ et al. (2001) for a good overview
of the studies of Virgo galaxies.
ments of Hanes et al. (2001), as rebinned for the work of
MGA11 and shown in Figure 5, are significantly higher
than 3 of our 4 stellar measurements. We now turn to
each set of conflicting results in search of some relief to
this tension in the observations.
As the discrepancy between the PNe measurements
and the stars is the most dramatic, we will begin there.
Due to the evidence of continued assembly of the Virgo
Cluster, we believe the comparison to the PNe data from
Doherty et al. (2009) is simply ill-advised; their data
comes from the opposite side of the galaxy as our stellar
kinematics (see their Figure 7) and is likely dynamically
unrelated to the stars in our field. Also of note is the
difference in radial position between the PNe and stellar
measurements. The Doherty et al. pointings are cen-
tered at 13.7′ and 32.9′ compared to our data points at
8.0′ and 8.8′. When seen in this light, agreement be-
tween the PNe and stellar measurements would be more
surprising than not.
Next we explore the conflicting results between the GC
measurements of S11 and Hanes et al. (2001). As stated
earlier, in order to match the dynamical modeling bins
of MGA11 we rebinned the individual Hanes et al. GC
velocities. These values are plotted in Figure 5 and are
slightly different than what is found in the dynamical
analysis of Coˆte´ et al. (2001). As discussed in S11, the
Hanes et al. values were found to contain a handful of
“catastrophic outliers”. Once these outliers are removed,
and their new GC data included, their measured disper-
sion drops substantially. This relieves the tension be-
tween the GC measurements, but still does not explain
why our stellar velocity dispersion values are significantly
higher than the S11 GC values. Unlike the PNe values,
the spatial agreement between the S11 GCs and our field
is good; we have 4 of their GCs within 200′′ from the
center of our field. These coincident GCs are very cold
and bare no resemblance to the dynamics we see in the
stars.2 However, this apparent conflict between the stars
and GC kinematics of S11 gets some relief by taking a
step back and considering the GC population of M87 as
a whole.
There are a couple of indications that the 8′ ≤ R ≤ 10′
region of M87 is dynamically hotter and more compli-
cated than other regions of the galaxy. Figure 23 in S11
shows the GC LOSVDs for the 4 subpopulations they de-
fine in their sample. In their inner radial bin (R ≤ 10′)
both the blue GCs, bright GCs (i0 < 20) and UCDs
show distinctive wings to positive velocity, similar to the
LOSVDs of the stars in this work. The wings to posi-
tive velocity are also seen in the GC velocity profiles of
Romanowsky & Kochanek (2001, Figure 2). Although
the agreement between the degree of offset in the ve-
locity profile asymmetry seen in the S11 GCs and our
stars is not perfect, it suggests a possible link between
the mechanisms responsible for assembling the blue GCs,
bright GCs, UCDs, and stars at this radius. This connec-
tion between the stars and blue GCs is also seen in the
spatial distribution and chemical analysis of Forte et al.
(2012).
2 The GCs recession velocities (relative to the rest velocity of
M87) within 200′′ of our field from S11 are as follows. S87: 83 ±
103 km/s, S93: −12 ± 48 km/s, S170: −22 ± 106 km/s, S270:
86± 43 km/s.
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In considering the possibility of such a link more
closely, Figure 21 in S11 shows the position angle (PA),
rotation velocity, velocity dispersion and velocity kur-
tosis of their 4 subpopulations of GCs. There are two
points we make here. First, the blue GC population
(left-most column) shows a distinct change in PA just
beyond R > 10′. This change in PA corresponds to a
spike in rotational velocity while the velocity dispersion
drops at ∼ 10′ from ∼ 370 km/s (in rough agreement
with our two-Gaussian measurement) to ∼ 300 km/s.
Second, of keen interest to us are the UCDs and bright
GCs in their sample (right-most column in their Figure
21) which show a strong rise in velocity dispersion to
well above 400 km/s at ∼ 8′. At the same radius the
bright GCs reach nearly 500 km/s, and both the UCDs
and bright GCs show a noticeable spike in rotation ve-
locity at this position. This spike in velocity dispersion is
also shown in the left-hand plot of their Figure 20 where
both their faint and bright GCs become quite hot, right
at R ≈ 8′. These signatures of a change in the dynami-
cal nature of M87 were noted by S11 where they suggest
that the 4 dwarf ellipticals found between 7′ and 9′ are
“stirring the pot”.
This leads us to explore the UCD population as not
only the cause of the high stellar velocity dispersion,
but also the source of the velocity profile asymmetry.
M87 has a radial velocity of 1307 km/s (Huchra et al.
2012, see also Mei et al. 2007 and Makarov et al.
2011). The UCDs nearest our field are NGC 4486a
and IC 3443 (see Figure 1). The radial velocity of
NGC 4486a is 757 km/s (Prugniel et al. 2011) and
therefore can not be the source of the positive veloc-
ity asymmetry. A radial velocity of 2272 km/s was
reported for IC 3443 in de Vaucouleurs et al. (1991)
which was in good agreement with the earlier work
of Eastmond & Abell (1978) who measured a value of
2254 km/s. At these values, the halo of IC 3443
would appear to be a candidate for the source of the
∼ 1000 km/s wing to positive velocity seen in our veloc-
ity profiles. However, more recent radial velocity mea-
surements for IC 3443 return lower values, typically un-
der 2000 km/s (Bothun & Mould 1988; van Driel et al.
2000; Gavazzi et al. 2004), with 1785 km/s being the cur-
rently accepted value (Adelman-McCarthy et al. 2006;
Rines & Geller 2008; Aihara et al. 2011). At this radial
velocity, stars from the halo of IC 3443 can not explain
the velocity profile wing.
In order to determine if there is any photometric ev-
idence for a second population of stars within our field
we have inspected the deep photometry of Mihos et al.
(2005) to look for any variation beyond the smooth de-
cline in the surface brightness of M87. Despite the afore-
mentioned evidence for disturbed isophotes along the SE
edge of the major axis (Weil et al. 1997; Mihos et al.
2005), we see no distinct changes across our field. We
also find no significant deviations from a smooth decline
in the surface brightness with radius from an inspection
of the flux in our fibers shown in Figure 4. However,
despite not finding evidence for a kinematic disturbance
in the photometry, Romanowsky et al. (2012) point out
in their discussion that M87 is a favored target for its
proximity and “general lack of obvious dynamical dis-
turbance [sic]”. Yet dynamical studies have now revealed
rich phase-space complexity in not only M87 but several
other massive ellipticals that is not apparent in the pho-
tometry alone. As our new data points exhibit kinematic
complexity not seen in the velocity profiles from MGA11
it leads us to wonder whether the outshirts of the stel-
lar halo of M87 hold a wealth of clues to its formation.
Clearly, further observations of the stellar halo of M87
are warranted.
5.3. A Rising Stellar Velocity Dispersion
We have quoted 3 different estimates of the stellar ve-
locity dispersion of M87 for our R1 and R2 fields: a non-
parametric measure of 420±23 km/s and 577±35 km/s,
a Gauss-Hermite parameterization of 456± 37 km/s and
604± 45 km/s, and a two-Gaussian parameterization of
383 ± 32 km/s and 446 ± 43 km/s. We advocate the
non-parametric measure as the most straightforward in-
terpretation and also the most relevant for dynamical
modeling. However, due to the intriguing, albeit tenta-
tive, evidence for the existence of a second stellar com-
ponent, we remain somewhat agnostic about which fit
better represents the true velocity dispersion of the stars
in the M87 halo. That said, even the lowest estimate
of the dynamical temperature of the stars at R ≈ 500′′
shows a clear increase to above 400 km s−1. What can
we make of this continued increase in stellar velocity dis-
persion out to nearly 45 kpc in M87, and how does it
inform our picture of galaxy structure and formation?
5.3.1. The Dark Matter Halo of M87
In terms of galaxy structure, if the rising veloc-
ity dispersion profile reflects the gravitational poten-
tial of the galaxy, then the presence of a massive
dark matter (DM) halo can explain such a rise. In-
deed, a very massive DM halo has been detected in
M87 by several groups employing a variety of meth-
ods (Fabricant & Gorenstein 1983; Huchra & Brodie
1987; Mould et al. 1987; Merritt & Tremblay 1993;
Romanowsky & Kochanek 2001; Matsushita et al. 2002;
Das et al. 2010; Murphy et al. 2011). Yet clearly the
velocity dispersions shown in Figure 5 can not all be
reflections of the gravitational potential of M87. One
relevant point here is that in the case of both GC and
PNe measurements one is working with individual data
points. While the GC population of this and other mas-
sive early-type galaxies can reach several thousand (e.g.,
McLaughlin 1999), measurements of their kinematics are
typically done with a few hundred GCs. In the work of
Doherty et al. (2009), their PNe measurement of velocity
dispersion comes from 12 PNe for the 247 km/s measure-
ment and 9 for the lower 139 km/s value. S11 are in a
far better position, having velocity measurements of over
700 GCs. With the kinematic complexity of M87, sam-
pling sub-populations that are not reflective of the gravi-
tational potential of the galaxy is a possibility. With inte-
grated starlight we avoid these statistical challenges. Yet
if the 8′ ≤ R ≤ 10′ region is dynamically hotter, and with
our much smaller field-of-view than covered by either the
GC or PNe populations, we find ourselves in a similar po-
sition of not fully sampling the phase space. Certainly
more data and a more complete dynamical analysis is
in order, but for now we proceed to interpret these re-
sults with the understanding that more stellar data is
required.
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Further support for the presence of a massive DM
halo comes from the X-ray gas mass estimates of
Matsushita et al. (2002). Their mass estimates align well
the with Cohen & Ryzhov (1997) GC velocity dispersion
profiles (see their Figure 21) which were compiled into
the Hanes et al. values. As larger radial data points
provide greater leverage on the total enclosed mass of a
galaxy, the GC values of Hanes et al. play a significant
role in constraining the DM halo measured in MGA11.
In that work we plot a comparison of our best enclosed-
mass profile to a variety of literature values (Figure 11
and Table 4 of MGA11). The MGA11 enclosed mass
estimate for either an NFW or cored-logarithmic DM
halo are generally in good agreement with the mass esti-
mates from the literature, particularly at large radii (e.g.,
Fabricant & Gorenstein 1983).
However, S11 conduct a similar comparison (see their
Figure 16) and find a substantially less massive DM halo
for M87. This lower mass is certainly driven by their
lower velocity dispersion. As those authors point out,
comparisons between data sets from various groups is
challenging, and perhaps attempting to align the vari-
ous mass tracer populations in M87 is ill-advised; the
kinematics of M87, and the center of the Virgo Cluster,
are complicated and there is no a priori reason that the
GC and stellar kinematics must go in lock step as dif-
ferent formation pathways will leave different kinematic
signatures. For example, the accretion of smaller satel-
lite galaxies with cooler kinematic components can lead
to a lower velocity dispersion in the GCs than those
formed in situ, as pointed out in Romanowsky et al.
(2012). These complications necessitate both a more
complete set of observations of the kinematic compo-
nents and comprehensive dynamical modeling in order
to get the entire picture of M87’s formation history. Yet
with the good agreement between the gas kinematics
of Matsushita et al. (2002) and the stellar kinematics of
MGA11 and those presented here, it appears M87’s DM
halo is the dominant mass component by 30 kpc.
5.3.2. M87 as the BCG of Virgo?
How does M87 compare to other central galaxies? Al-
though M87 is not technically the BCG of Virgo3 it does
occupy a central location in terms of cluster mass (e.g.,
Bo¨hringer et al. 1994). We therefore compare M87 to
other BCGs and find that rising stellar velocity disper-
sions are not uncommon.
Early work by Dressler (1979) on the BCG in the
Abell 2029 galaxy cluster (IC 1101) found a stellar veloc-
ity dispersion that increases to over 500 km/s at 100 kpc.
Kelson et al. (2002) find a similar result for NGC 6166,
the BCG in Abell 2199 (see also Carter et al. 1999),
where the stellar velocity dispersion gradually rises to
∼ 660 km/s by 60 kpc. Also, from stellar velocity
dispersion measurements and strong lensing constraints,
Newman et al. (2011) find the BCG in Abell 383 to ex-
hibit a steeply rising dispersion profile that climbs from
∼ 270 km/s at the center of the galaxy to ∼ 500 km/s
by ∼ 22 kpc. And the extensive work of Loubser et al.
(2008) on 41 BCGs with long-slit data find a significant
fraction of their sample exhibit flat to rising velocity dis-
3 M49 is slightly more luminious and thus the “brightest” galaxy
in the Virgo Cluster (Kormendy et al. 2009).
persion profiles.4 Obviously, rising velocity dispersions
in other galaxies do not give support for a rising veloc-
ity dispersion in M87. We simply want to highlight that
as observations improve, and dynamical measurements
at ever-larger radii become possible, we have been find-
ing rising velocity dispersion profiles in BCGs in greater
abundance.
This leads us to a final comparison between M87 and
another BCG. In our non-parametric measure of the sec-
ond moment, we see a rise of ∼ 150 km/s over 4.3 kpc.
This sharp rise in velocity dispersion over a relatively
short radial distance is quite striking, but not unprece-
dented. In Ventimiglia et al. (2010) the stellar kine-
matics of the BCG NGC 3311 are found to rise very
rapidly from ∼ 150 km/s at the center to ∼ 450 km/s
at R ≈ 13 kpc. Over a very similar physical dis-
tance (from R ≈ 8 kpc to R ≈ 13 kpc, a difference
of ∼ 5 kpc) the velocity dispersion rises from around
280 km/s to above 450 km/s, a steeper rise than we see
for M87. Richtler et al. (2011) remeasure the stellar ve-
locity dispersion of NGC 3311 and use GC velocities to
constrain the DM halo, and although they report con-
siderably lower values for the overall stellar velocity dis-
persion than Ventimiglia et al. (2010), they see the same
steep rise over a similar radial distance. Also notewor-
thy in NGC 3311 is the difference between the stars and
GCs; the GC velocity dispersion at R ≈ 15 kpc is higher
than their stellar velocity dispersion measurements by
∼ 180 km/s (see Figure 4 in Richtler et al. 2011). Both
M87 and NGC 3311 remind us of the need for caution
when using dynamical tracers to constrain the mass of a
galaxy.
6. SUMMARY
We have carried out a dynamical analysis on the stars
along the SE major axis at R ≈ 40 to 45 kpc from the
center of M87. Even our most conservative interpretation
finds the stellar velocity dispersion exceeding 400 km/s.
The stellar kinematics are complex, with a strong asym-
metry to positive velocity. Although speculative, the
asymmetry may stem from a cooler, second component
of stars superimposed on our field.
All of this raises the question of what a rising veloc-
ity dispersion tells us about a galaxy. Is it a true re-
flection of the gravitational potential of the galaxy, the
center of the galaxy cluster, or simply a snapshot of
a dynamical system that has not reached equilibrium?
The question of what our measurements are telling us
about a given galaxy becomes more acute when the var-
ious dynamical tracers do not agree, as we have found
in M87. Although groups have found good agreement
between various tracers of mass in a wide range of galax-
ies (e.g., Coccato et al. 2009; McNeil et al. 2010), we
now know of many galaxies that show strong disagree-
ment, and there is no a priori reason that the GC,
PNe and stellar kinematics must align at all radial po-
sitions. We know from simulations that the formation
of BCGs appears very active (e.g., De Lucia & Blaizot
2007; Ruszkowski & Springel 2009) and so this type of
4 In their paper Loubser et al. claim to find 5 galaxies with
rising stellar velocity dispersions. However, if we allow for even a
gradual rise in velocity dispersion and inspect their figures, we find
this number increases to ∼ 14.
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substructure and disagreement between different dynam-
ical tracers should not be surprising and perhaps even
expected.
With a single field at this distance from the center of
M87 we can not say much about the overall formation
history of M87 beyond confirming that the center of the
Virgo Cluster is still undergoing active assembly and the
stellar halo exhibits a rising velocity dispersion profile.
Further work on the observational front in necessary, yet
the ability to constrain the dynamical state of the stars at
these unprecedented radial distances points the way to-
wards future exploration. In particular, a larger number
of measurements of the kinematics of integrated starlight,
taken at a broad range of locations, would be highly il-
luminating.
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